Modern human experienced various selective pressures; including range of xenobiotics which contributed to heterogeneity of drug response. Many genes involve in pharmacokinetics and dynamics of drug, have been reported under natural selection. However, none of the studies have utilized comprehensive information of drug-centered PharmGKB pathways. We have extended this work and aimed to investigate sweep signals, using 1,798 subjects, from 53
Abstract
Modern human experienced various selective pressures; including range of xenobiotics which contributed to heterogeneity of drug response. Many genes involve in pharmacokinetics and dynamics of drug, have been reported under natural selection. However, none of the studies have utilized comprehensive information of drug-centered PharmGKB pathways. We have extended this work and aimed to investigate sweep signals, using 1,798 subjects, from 53
Indian and 15 other world populations. We observed that modifiers which alters the biochemical function of other genes, have excess of natural selection (median std-z score=0.033±0.95; p-value=1.7×10 -9 -3.7×10 -3 ). Taxane and statin primarily used for chemotherapy and lowering cholesterol level, respectively; and well known for heterogeneous drug response. We observed that pharmacokinetic pathway of taxane and statins are under natural selection (p-value=2.53×10 -9 and 2.73×10 -9 -1.09×10 -4 ; qvalue=1.28×10 -7 and 6.91×10 -6 -1.1×10 -3 ). We also observed signal of selection in Ibuprofen pharmacokinetics (p-value=1.76×10 -5 ; q-value =2.22×10 -4 ), beta-agonist/beta-blocker pharmacodynamic (p-value=4.79×10 -4 ; q-value =4.04×10 -4 ) and Zidovudin pharmacokinetics/dynamic pathway (p-value=7.0×10 -4 ; q-value =5.06×10 -4 ). Hard sweeps signals were observed in a total of 322 loci. Of which, 53 affect mRNA expression (pvalue<0.001) and 16 were already reported with therapeutic response. Interestingly, we observed that Africans have experience 2 phases of natural selection, one at ~30,000 another at ~10,000 years before present.
4
Several ADME genes that were reported in natural selection were found in out-of-Africa populations 10 . But, it is not clear what happened to the populations those were left behind in Africa? To the best of our knowledge, none of the studies have revealed about the signals in pharmacogenomically important genes that were originated in Africa, after early human migration and colonization events. In the present study, we explored these ancient signals, using genome-wide markers.
Results and discussions

Evidence of natural selection
In this study, we explored overall signal of selection based on genome-wide genotype data (623,462 SNPs). Genic regions are considered more influenced under natural selection compared to non-genic regions and must be having high average std-z score. To explore it, initially we compared the whole genic SNPs with non-genic. Then, we compared genic SNPs of 873 pharmacogenomically important genes with non-genic, to understand that natural selection on pharmacogenomically important genes, are similar to whole genome genic region or not.
We observed significantly higher std-z score in genic region (299,317 SNPs; median = 0.0033) comparative to non-genic SNPs (324,145; median = -0.0033) (F = 1.0608, p-value <2.2×10 -16 ; t = 9.8221, p-value < 2.2×10 -16 ), which reflect that genic regions are under natural selection. To further explore that whether natural selection really acting on the genic region, variable range of flanking sequences (from 0 to 10 5 base pairs) around genes was considered ( Table S3 ). SNPs that are far from genes are more towards non-genic designation and hence less std-z score is expected with increment of flanking region around gene. We observed that median std-z score of genic and non-genic SNPs decrease with increment of flanking region ( Figure 1C, 1D and Table S3 ), except median score of non-genic increases at 2000 base pairs (bp). We also observed that per base-pair decrease in std-z score of genic region is less compared to non-genic regions, which is evident in Figure 1E .
Similar pattern was found in pharmacogenomically important genes. A total of 19,721 SNPs from 873 genes have significantly higher std-z score compared to non-genic SNPs (std-z score: F = 1.0406, p-value = 1.1×10 -4 ; t = 3.455, p-value = 5.5×10 -4 ), suggests that natural selection acted on these genes that are pharmacogenomically important.
Modifiers ADME genes are most influenced under natural selection
To find out whether high frequency of natural selection among different categories of pharmacogenomically important genes, we have classified SNPs into core (494 SNPs), extended (3,900), phase-I (1,533), phase-II (767), modifier (285), transporter (1,805) and other pathway (15, 333) genes; and compared them with other genic, non-genic and among themselves. Std-z score distribution of each category was compared for all combinations, using median and median absolute deviation (MAD) ( Table S4) . We observed that high frequency of modifier genes are under natural selection (std z-score = 0.033± 0.95) compared to other ADME categories, non-genic and other genic regions ( Table 1 , S4 and S5).
We speculated that above observation could be biased by other SNPs, which were not in natural selection, but present within the genes. Hence, to prove the previous observation, SNPs that were in strong natural selection (std-z score >3) were only considered (reason for considering this cut-off value is explained in "Hard sweeps signals of natural selection").
Thus, 83 SNPs of ADME and 239 of other pathway genes were selected. It was observed that 27.27% modifier genes (6 out of 22) were under natural selection; while other categories ranges from 11.11% to 20.83% (Table S5) . Among these, Phase-II genes (11.11%; 6 out of 54) were least influenced category. Moreover, the number of genes could also be biased by linkage disequilibrium (LD) among SNPs of different genes; hence, haplotype blocks of all populations were explored. Only rs3805322 (ADH4) and rs1042026 (ADH1B) were in the same haplotype block in HapMap-JPT, while they were in different blocks in other populations. Hence, it is clear that percentage of genes in each category is not the artifacts of
It is interesting to note that modifiers influence the expression and alters the biochemical function of other ADME genes (www.pharmaadme.org). Alteration in the function of this category can cause major influence on pharmacogenomic system.
Soft sweeps (polygenic adaptation) signals of natural selection
Much of selection acts as polygenic way (soft sweeps) with subtle influence on variation irrespective of hard sweeps, where either selection coefficient (>1%) or time of fixation is 7 16 ; -0.448 95% C.I.) was observed between highest and median std-z score. Therefore, genic
SNPs with highest std-z score were assigned as representative for the genes (total 16,594) in further soft-sweep signal analysis.
We observed multimodal distribution of std-z score, with 3 humps, having different range of score and density (Figure 2A) . Further, we used the number of genes, present within 3 islands and compared them with genes of pathways, using simple chi-square test with 2 degree of freedom. For multiple test correction, p-values were corrected and converted into q-values ( Figure S3 ) (false discovery rate control method). 17 We have observed that 7 pathways were under natural selection (pvalue < 7×10 -4 ; q-value < 5.06×10 -3 ), which includes pharmacokinetics pathway of Taxane, Fluvastatin, Atorvastatin-Lovastatin-Simvastatin, Ibuprofen and Statin; pharmacodynamic pathway of β-agonist/β-blocker; and pharmacodynamic and kinetics pathway of Zidovudin (Table 2 and S7) ( Figure 2B , 2C, 2D, 2E, 2F, 2G and 2H). We speculated that these 7 pathways might be having the significant number of common genes which are under natural selection. But, we did not find the same (Table S8) .
Taxane and statin drugs are primarily used for chemotherapy and lowering cholesterol level. 
Hard sweeps signals of natural selection
The cut-off std-z score ≥ 3 was chosen to filter the SNPs in "hard sweeps" ( Table S9 ). The best examples of "hard sweeps": African Duffy/DARC, SLC24A5, OCA2 and KITLG, 12 exists in hump2/Island-2 with std-z score 4.08, 2.6, 5.199 and 3.9 (Figure 2A) . It justify our cut-off std-z score 3 for "hard sweep" signals. Frequency distribution of the 322 SNPs in the population, utilized in the present study, are given in Figure S4 .
Clinical annotation of hard sweeps signals through literatures
In the further step, we annotated the hard sweep signals with Ensembl-BioMart (version 75).
Out of 322 SNPs, 16 (8 in ADME and 8 in other pathway genes) have been reported in association with drug-response ( Table S10) . Variant in the ADH1B (rs1042026; missense variation: Arg47His) is well-known for its role in alcohol metabolism, had std-z score 3.14;
9 which are associated with tobacco and alcohol metabolism/dependence were also observed under selection [22] [23] [24] [25] . (JUN; std-z score = 3.47),were under natural selection, which are known to influence measles vaccine immunity, an important finding which suggests that not only present day drug responses are outcome of natural selection, but also vaccine responses 32, 33 . CYP3A4 is one of the important ADME enzymes, which metabolize ~50% of the drug and known to influence inter-individual responses. We found rs1851426 (std-z score = 5.61) in CYP3A4 gene that influence phenotype variability with probe drug quinine 34 . Similarly, rs2854450 (EPHX1) was found to be associated with diisocyanate-induced asthma was also in natural selection (std-z score = 3.07) 35 .
Anti-psychotic drug Olanzapine is having higher rate of discontinuation, due to its inadequate response or hypersensitive reaction. The rs472660 (CYP3A43; AA genotype) has reported in association with clearance of Olanzapine, was observed under natural selection (std-z score = 4.32) 31 . Frequency of AA genotype of rs472660 is higher in African population (44-70%),
while Europeans (1.21-3.41%), HapMap-GIH (2.27%) and Singapore-Indians (1.2%) have significantly low frequency. Interestingly, the "AA" genotype was observed only in IndoAfricans (35.71%). We have also identified the variants that are associated with dose/response of anticoagulants (Phenoprocoumon: rs11150604: STX4: std-z score = 4.78), 36 resistant to anti-angiogenic therapies (Bevacizumab: rs9582036: FLT1: std-z score = 3.884) [37] [38] [39] , response to psychological stress (Cortisol: rs242924: CRHR1: std-z score = 3.05) [40] [41] [42] and response in chemotherapy (Bortezomib and Vincristine: rs6457816: PPARD: std-z score = 4.0; Celecoxib: rs6017996: SRC: std-z score = 3.065; Sunitinib, Panitumumab, Oxaliplatin and Bevacizumab: rs9582036 : FLT1: std-z score = 3.884) [43] [44] [45] [46] . Besides these, rs10059859
(PDE4D: std-z score = 5.59) was found to be associated with esophageal function and rs1403527 (NR1I2: std-z score = 3.36) was reported to be in worldwide differentiation, in "Hard sweeps" 47, 48 .
Expression analysis
After clinically annotating the hard sweep signals, we explored the effect of these 322 SNPs on the mRNA expression. For this, we utilized whole genome expression data and genotype of HapMap individuals (details are given in method section); and observed 53 SNPs (19 in ADME and 34 in other pathway genes) affecting the mRNA expression with p-value < 0.001
( Figure S5 and Table 3 ). Of which, 3 SNPs (rs1056836, rs11103482 and rs6457816) in ADME genes and 3 SNPs (rs2984915, rs9554316 and rs9582036) in other pathway genes have already been clinically annotated.
Signal of ancient positive natural selection
Late Pleistocene and Holocene age of modern human experienced high ecological and demographic changes; and rise of agriculture. To find the acceleration of selective sweeps, we calculated age of variants (only for ADME genes) based on the length of extended (Figure S6 ). Since, our aim was to find the acceleration of natural selection, we proceeded further with the 2 nd cluster (std-z score>2). Further, we considered only those variants having age of < 60ky and estimated kernel density with 100 breakpoints. In all 8
populations analyzed, we found high density of SNPs near to ~10,000 year BP (before present).
Interestingly, we observed African population has 2 phase of acceleration (Figure 3) . First phase of acceleration in this population was ~30,000 years BP while second phase was ~10,000 (same as other population). We did not find signal for natural selection at ~30,000 Siddi not in Onge suggests that African continent possess 2 wave of acceleration compared to populations from rest of the world. Further, we tried to explore the difference between these 2 phases and found that the differences exist only in SNP level, not genes level. This is a preliminary observation and needs to be explored further.
Conclusions
We identified signature of natural selection in pharmacogenomically important genes. Of which, modifiers which alters the biochemical function of other genes, have excess of natural selection. Using comprehensive information of drug-centered pathway from PharmGKB, we observed 7 pharmacokinetic and dynamic pathways under natural selection. Our study also identified 322 hard sweep signals. We have demonstrated that 53 affect mRNA expression level. In future, these SNPs can be utilized to understand heterogeneous drug response, personalized therapy in contemporary populations.
Methods
SNP data
A total of 53 Indian populations, who belongs to diverse social, linguistic and geographical background (4 Tibeto-Burman, 1 Tibetan-refugees, 12 Indo-Europeans, 22 Dravidians, 10
Austro-Asiatic, 2 Indo-Africans, 1 Great-Andamanese and 1 Onge) were selected for this study. The source of genotype data for these 53 Indian populations, are given in Table S1 . In addition, 11 populations from HapMap, 3 from Singapore genome diversity project and 1
Tibetan population from NCBI-GEO database were also included (Table S1 ). This study was approved by the Institutional ethical committee of CSIR-Centre for Cellular and Molecular Biology, Hyderabad, India.
Further, 811 genes from 102 pharmacokinetic and pharmacodynamic important pathways have been selected from PharmGKB database 16 . Of which, 31 were core ADME genes (8 transporter, 12 phase-I and 11 phase-II) and 92 were extended ADME genes (27 transporter, 39 phase-I, 13 phase-II and 13 modifier). Besides these, 1 core and 165 extended ADME (40 transporter, 72 phase-I, 42 phase-II and 11 modifier) genes from PharmaADME database, which are not in pathway, were also been selected. SNPs, which are within 10,000 base pairs (bps) of above described 977 genes were considered as genic and extracted from whole genome data after imputation. In quality control filtering (imputation R2<0.95), genotype information of 104 genes (including 5 ADME genes on X-chromosome) were excluded ( Figure S1 ) and analyzed using the remaining 20,225 SNPs.
Imputation of missing genotypes
We have already demonstrated that imputation of missing genotypes is more accurate with autosomal SNPs. It is evident in Figure 1B that SNPs having both low and high F st value are under natural selection. Since, the aim of the study is to find pharmacogenomically important SNPs which are highly differentiated among populations and are under natural selection, we converted p-value into z-score, in a way that highly differentiated SNPs (having high F st value) score high positive value 15, 57 . The qnorm function of R with Epanechnikov kernel density was used, for conversion of p-value to z score.
We observed that 623,462 SNPs are not equally distributed in genome ( Figure S2) . In this scenario, genomic regions with high density of SNPs are more likely to possess extreme value of z-score, only by chance and hence, standardization is needed. We split the whole genome into 13,933 fragments (each 2×10 5 base pairs) and clustered in 20 bins according to their SNP density (Table S2) . Further, z-score distribution within bin was used for standardization as proposed by Daub, et al. (2013) 15 . It is briefly, explained below:
Suppose, an x locus has z score "z x " and on basis of SNP density belongs to i th bin, then standardized z-score (std z-score) for x will be; 
Clinical annotation of Hard-sweep signals
In order to explore the clinical significant of naturally selected loci, Ensembl-BioMart (Ensembl version 75: February 2014) was used to extract literatures in which hard-sweep loci obtained in the present study, was associated with the drug responses.
Expression analysis
To find the significance of hard sweep signals, we also utilized whole genome expression 
Age of variants
To calculate the rough estimate of age of variants, we used the formula mention by Zhernakova, A. et. al 59 . For this, initially, we calculated extended haplotype homozygosity score x on both side of core allele with "rehh" package of R. The alleles, which are matching with the Chimpanzee are considered as ancestral while other as derived allele. Only the age of derived alleles were calculated and considered as core allele. Suppose the genetic distance between left and right side of core SNP is r, the generation time G can be calculated as:
For the calculation of age, we consider only those genetic distance where x is equal to 0.25.
In the present study, we consider that 1 generation is equal to 25 years.
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